A substantial number of elegant experimental approaches have been developed to image the distribution and dynamics of DNA, mRNA, proteins, organelles, metabolites, and ions in living plant cells. Although the human brain can rapidly assimilate visual information, particularly when presented as animations and movies, it is much more challenging to condense the phenomenal amount of data present in three-, four-, or even five-dimensional images into statistically useful measurements. This review explores a range of in vivo fluorescence imaging applications in plants, with particular emphasis on where quantitative techniques are beginning to emerge.
INTRODUCTION
The widespread use of intrinsically fluorescent proteins (IFPs) and greater availability of advanced microscope systems have dramatically increased routine use of microscopy in plant research. This review focuses on livecell imaging techniques, with emphasis on where the discipline is shifting from qualitative to quantitative analysis. Quantitative analyses require significantly more rigor in experimental design and methodology than comparable qualitative assessments, but are of increasing importance if results are to be compared statistically and meaningfully between different laboratories, and are essential to develop mathematical simulations of the underlying processes. This has a direct bearing on the extent it will be possible to integrate imaging information efficiently within systems biology.
LIFE IN THE NUCLEUS
The plant nucleus can be irregular, with extensive convoluted grooves and invaginations (19), and can become distorted during rapid movement, particularly in root hairs (18, 132) . However, within the nucleus, evidence from fixed tissues suggests chromosomes and key processes such as replication, transcription, and mRNA processing are spatially organized (77) . Recently, tools were developed to visualize the dynamics of these processes. Thus, discrete regions of chromosomes can be tagged by inserting a concatenated target sequence, such as the lac operator, and visualized following binding of green fluorescent protein (GFP) fused to the appropriate DNA-binding domain (LacI) (62) (Figure 1a ). Quantifying fluorescent spot number and amount of DNA from DAPI staining provides information on the level of endoreduplication and the degree of chromatid coherence (62, 63) . The intranuclear chromatin diffusion coefficient (D) can be quantified from the spot dynamics, whereas movement relative to other loci describes the local confinement volume within each chromosome territory. These measures vary between different cell types. Thus D was ∼twofold lower in epidermal versus stomatal guard cells, whereas the confinement volume was sixfold greater (63) . The origin of these differences is not known, but may reflect epigenetic mechanisms influencing differential gene expression in the two cell types (63) or even biophysical effects of different turgor pressure. Although tagged loci provide new insights into intranuclear dynamics, they have drawbacks. Whereas chromosome painting using fluorescence in situ hybridization (FISH) shows that most chromosomes are randomly distributed, with slight preferential association of chromosomes carrying nucleolar organizer regions (NORs) (106) , tagged loci have a higher than expected association with each other and with endogenous heterochromatin (105) . Despite this caveat, in vivo tagging would be useful to test predictions from simulation models based on D and the rate of directed telomere movement during "bouquet" formation in meiotic cells (15) . Intranuclear dynamics have also been observed for GFP-tagged splicing factors. During transcription, splicing factors are recruited to spliceosomes from storage sites (interchromatin granule clusters) that appear as speckles in the nucleus. The number of speckles varies between different cell types, and their intensity varies inversely with transcriptional activity (29, 32) . Speckles appear to move within a constrained volume, but can also bud, fuse, assemble, and disassemble (29, 32). Movement is abolished by blocking transcription and cannot arise simply from diffusion (32). An increasing number of proteins not directly involved in mRNA processing also cluster in intranuclear speckles (82, 94, 144) , but the functional significance of this localization is not known.
QUANTITATIVE IMAGING OF GENE EXPRESSION
Recent advances in genomic technologies have enabled simultaneous measurement of thousands of gene expression profiles with increasing quantitative precision from progressively smaller tissue samples (89) . However, there is often little correlation between levels of mRNA and expressed protein, necessitating parallel high-throughput proteome analysis, which currently requires much larger tissue samples. Conversely, when expression has been monitored for individual cells in a notionally homogeneous population, considerable variation in expression capacity (19a) , and an extraordinary range of expression profiles have been reported, encapsulated as "the myth of the average cell" (79) . Increased spatial resolution is possible with laser micro-dissection of single cells or micro-sampling (89) , or by imaging following in situ hybridization or in situ polymerase chain reaction (107) , but these techniques are difficult to convert to a highthroughput format suitable for time-resolved analysis of different cell types during development or in response to environmental stimuli. 
Figure 1
Schematic representations of the quantitative imaging techniques described in this review. Fluorescent proteins (cylinders) are color coded to represent their characteristic emission peak and the relative levels of emission are shown by the lines above. Targeting sequences are shown in yellow. High-intensity laser illumination is indicated by lightening symbols and normal excitation by wavy arrows. The clock symbol represents a passage of time. NLS, nuclear localization sequence; ER, endoplasmic reticulum; G, Golgi; Mit, mitochondria. 
In Vivo Imaging of mRNA Localization and Dynamics
Recently, tools were developed to follow mRNA dynamics by adding a stem-loop aptamer sequence to the mRNA that is recognized by a coexpressed fluorescently tagged partner (10) . For example, a GFP fusion with the bacteriophage MS2 coat protein can be used to visualize concatenated repeats of the 19-base pair (bp) MS2-binding RNA sequence (Figure 1b) . This confirmed that specific mRNA molecules are localized to endoplasmic reticulum (ER) subdomains and revealed that tagged-RNA particle movement is actin based (50). In situ hybridization shows that other specific transcripts are also spatially localized (100), and in Acetabularia, 6 out of 12 mRNAs examined showed cytoskeleton-dependent asymmetric distribution (135) , suggesting mRNA localization may be widespread. The aptamer-partner system might allow more systematic investigation of this phenomenon. The tagging approach is also useful for plant viruses that do not tolerate insertion of additional reporter sequences (147) , and may even be adaptable to track non-cell-autonomous movement of small RNA molecules (146) .
In Vivo Imaging of Promoter Activity
Promoter-GFP constructs are widely used to monitor promoter activity from individual cells to plants under field conditions (48), although quantitation in vivo may require correction for light absorption by endogenous plant pigments (149) . Even with notionally constitutive promoters, a mosaic pattern of expression can occur (7), and reproducible expression may require matrix attachment regions (MARs) flanking the promoter-GFP (49) or mutants defective in post-transcriptional gene silencing (14a) to reduce local gene silencing events. Unmodified GFP is less useful to quantify transient expression as the fluorescent signal reflects both promoter activity and fluorophore maturation, which gives a lag before fluorescence is detectable. Likewise, the stability of GFP (t 1/2 > 24 h) obscures any reduction in promoter activity. Promoter-luciferase constructs are regarded as better reporters for transient expression as the light output more closely matches the level and timing of mRNA changes (45, 144a). More rapid GFP turnover can be achieved by adding protein-or mRNAdestabilizing elements that reduce the half life to ∼3 h (136 An alternative method to analyze transient gene expression uses the DsRed "timer" fluorescent protein that slowly matures from a green to a red fluorescent form, distinguishing changes in gene expression by color (91, 129) . Thus, immediately following gene induction, the signal is exclusively green, steady-state expression gives a defined G/R ratio (depending on the precise imaging configuration), and a decrease in expression shifts the ratio increasingly toward the red (Figure 1c) .
PROTEIN LOCATION, LEVEL, AND TURNOVER

Fluorescent-Protein Fusions
In-frame fusions with IFPs are straightforward to generate, compared to immunoprobes, and greatly facilitate visualization of intracellular protein distribution and dynamics. Ideal IFP tags should be nondimerizing monomers without any targeting motifs that fold efficiently and can tolerate N-or Cterminal fusions. They should have high molar extinction coefficients, quantum efficiency, and photostability that are insensitive to the local environment. Suitable monomeric IFPs spanning the entire visible spectrum have been isolated from different species, or generated by ingenious rational design and molecular evolution (131) .
Tagging Traumas
IFP fusions have provided significant insights into a number of developmental and physiological processes, including subcellular organization of metabolic pathways into metabolons (1, 41), dissection of noncell autonomous protein (NCAP) movement through the phloem (123), movement of transcription factors in meristems (96) , or screening localization of unknown proteins (31). Despite the power of this approach, it is ANRV274-PP57-04 ARI (70) . However, labeling has a major impact on actin organization (65) . GFP-Fimbrin is less disruptive (120), but high levels of expression still give stunted phenotypes (138) and disrupt organelle dynamics ( J. Runions, unpublished data). Rab GTPases can be localized as IFP fusions (71, 121a, 131b) , but some IFP tags generate a dominant-negative phenotype with similar sorting defects as untagged dominantnegative point mutants (71) . In assays of subcellular targeting or transport, it is important that the IFP tag has no intrinsic sorting information. This is not always the case and the effect is species and cell-type dependent. Thus, in tobacco epidermis, a secreted mRFP1 marker is transported exclusively along the default secretory pathway and an equivalent GFP marker also appears in the vacuole, suggesting GFP contains a weak vacuolar sorting determinant (148) , similar to the situation in yeast. Conversely, in tobacco BY2 suspension culture cells, mRFP1 also accumulates in vacuoles (145) . In other cases, overexpression of IFP-tagged proteins, such as the vacuolar sorting receptor BP80, appears to compete with endogenous receptors, causing sorting defects (22).
More subtle errors can arise from the different properties of each IFP. For example, EYFP (pK a 7.0) is more sensitive to quenching in acidic compartments than other IFPs, making them less obvious when labeled with EYFP compared to an identical GFP construct (148) . This could lead to significant misinterpretation of the intracellular distribution of certain fusion proteins. On the positive side, the pH sensitivity of YFP can be used to infer whether particular protein loops or termini are cytoplasmic or extracellular (127) . Although GFP fluorescence is less sensitive to pH, blue-light-dependent conformational changes in GFP make it a target for degradation by vacuolar proteinases at acidic pH, leading to a loss in signal in tissues exposed to the light (128) . Whether comparable lightdependent degradation occurs for other IFPs is not yet known.
Protein Concentration Controls
Almost no reports attempt to calibrate IFP expression levels against appropriate standards, but rely on subjective comparisons of relative expression levels ("dim" or "bright"). A notable exception is the recent work in yeast that combined quantitative imaging of YFP-fusion proteins, driven from their endogenous promoters, with either quantitative immunoblotting or flow cytometric analysis (143a) . Of greater concern is the absence of proper reference images to relate the apparent expression level to the amount of protein in different cell types. For example, the visual impression of uniform gene expression is deceptive and skewed to regions with higher net cytoplasmic density (meristems, vascular tissue, and stomatal guard cells). Protein concentration controls are routinely used when running gels and we advocate equivalent controls should be used when imaging tissues (e.g., 37). Under high levels of illumination, these fluorophores produce singlet oxygen capable of inactivating proteins in the immediate vicinity, in a process termed chromophoreassisted light inactivation (CALI) (130) . This could provide a novel means to knockdown specific tagged proteins with a high degree of spatial and temporal resolution.
Multichannel Imaging in Plants
The range of IFPs available has dramatically increased possibilities for multiple labeling and colocalization analysis in vivo (64) . To provide unambiguous results, it is essential that the signals from the different spectral variants can be unequivocally isolated, either through minimizing bleed-through between different channels (64) or by spectral deconvolution (linear unmixing). Bleed-through can be reduced by rapid switching between different excitation/emission combinations at millisecond intervals to avoid movement artifacts. Although enhanced GFP is brighter and excited efficiently at 488 nm, the spectral properties of the Haseloff mGFP5 variant are better suited to separate GFP and yellow fluorescent protein (YFP) using line switching with 458/514-nm excitation.
Spectral Imaging and Linear Unmixing
A number of imaging systems now implement simultaneous or sequential collection of several spectrally distinct channels to give a stack of wavelength (lambda, λ) images (150) . Even if fluorophores (or autofluorescence) have a high degree of spectral overlap, their individual contributions can be extracted by linear unmixing of the spectrum recorded at each pixel using appropriate reference spectra (9, 150) (see 
Quantitative Colocalization Analysis
Colocalization describes the extent that two (or more) probes occur at the same physical location in the cell. Before colocalization can be quantified, it is essential that spectral bleedthrough is eliminated, pinholes are aligned, and images are properly registered and not affected by chromatic aberration (142) . Threshold values are chosen to remove background, ideally using objective criteria (20). Pearson's coefficient or the overlap coefficient provide a single measure of colocalization. However, it is more informative to analyze the proportion of each probe contributing to the colocalized pixels as separate coefficients (81 
PROTEIN-PROTEIN INTERACTIONS
Although colocalization is a prerequisite for two molecular species to interact, it cannot readily be used to demonstrate that physical association has occurred. Fortunately, a number of other live-cell techniques, such as fluorescence (or Förster) resonance energy transfer (FRET), bioluminescence resonance energy transfer (BRET), fluorescence correlation spectroscopy (FCS), or bi-molecular fluorescence complementation (BiFC), can provide this information.
Fluorescence Resonance Energy Transfer
FRET describes the radiationless transfer of energy from a donor fluorophore to an adjacent acceptor fluorophore that has significant spectral overlap and appropriate orientation A high-intensity laser pulse was used to bleach a rectangular region at t = 0 s. Movement of fluorescent protein from adjacent areas gave a recovery in signal over time ( f, g) that was analyzed to give the fraction of mobile molecules and the half time for recovery (t 1/2 27.9s) ( J. Runions, unpublished data). Scale bar = 20 μm. (h) Measurement of ER protein mobility using photoactivatable GFP (PAGFP). Calnexin-was PAGFP localized to the ER membrane (weakly labeled in red with a second marker), but gave very little fluorescence with excitation at 488 nm until it was activated with a high-intensity pulse of short wavelength light (405 nm) at t = 0 s. The highly localized increase in fluorescence subsequently dissipated as the calnexin dispersed through the ER (112). Scale bar = 2 μm. (i) Tracking movement of Golgi bodies in leaf epidermal cells of Nicotiana. Golgi bodies (red ) were imaged in confocal time series and automated tracking software was used to measure their movement patterns (numbered, colored lines). The ER membrane was highlighted with photoactivated GFP ( green) (112) . Scale bar = 1 μm.
( j ) Measurement of maltose uptake in yeast using a fluorescence resonance energy transfer (FRET)-based sensor. Intracellular maltose concentrations were imaged with a genetically encoded sensor that incorporated a hinged maltose-binding element between CFP and YFP. Uptake of maltose, but not sucrose, into the cytoplasm resulted in a conformational change in the hinged segment and an increase in FRET, measured as a change in the YFP/CFP emission ratio. The pseudo color-coded images show the relative increase in the YFP/CFP ratio. Adapted from Reference 33 with permission. ( Figure 1e) . FRET efficiency falls off with the inverse sixth power of the fluorophore separation. The distance at which energy transfer is reduced by 50% (the Förster radius) is around 3-6 nM for common donor-acceptor pairs (39, 55). FRET can be detected spectrally as a decrease (quenching) of donor emission with commensurate increase in sensitized acceptor emission, or as a decrease in the fluorescence lifetime (τ) of the donor fluorophor, measured using fluorescence lifetime imaging microscopy (FLIM). Quantitative measurements, particularly of steady-state protein association, need controls to accommodate background, auto-fluorescence, bleedthrough, photobleaching, and different environmental sensitivity of the fluorophores (39, 55). FLIM-FRET can be determined just from the donor fluorescence lifetime (58), although the extent of protein-protein interaction still depends on the stoichiometry of the interacting partners. The most common, but irreversible, control to validate that FRET really occurs is to bleach the acceptor and measure the resulting increase in donor fluorescence intensity or lifetime. The range of molecular interactions probed by FRET is increasing slowly and includes dimerization of transcription factors (58, 64) or receptors (113, 116) , formation of lipid domains (134) , interactions between subunits in a single functional protein complex (66) or "metabolons" (1), complexes of plastid division proteins (81a), and association of regulatory or signaling proteins (8, 11, 82, 117) . One of the biggest problems in FRET measurements is reproducible control of tagged-protein stoichiometry, which may also benefit from application of the FMDV 2A peptide (48a) or IRES (144a) technology. In some cases it may be advantageous to use a luminescent donor, such as luciferase, and BRET (125, 126) (Figure 1h) . BRET avoids problems with autofluorescence, photobleaching, direct acceptor excitation, or triggering light-dependent signaling pathways, but has lower spatial resolution than FRET.
Fluorescence Correlation Spectroscopy
FCS provides an alternative means to characterize fluorophore mobility, concentration, and interaction in vivo (114) . FCS works by measuring the time series of fluctuations in signal as fluorescent molecules move in and out of a small excitation volume, typically achieved with stationary confocal or multiphoton optics (Figure 1j ). The decrease in the autocorrelation function of the time series provides a measure of the diffusion coefficient of the fluorophore. Thus, the cytoplasmic concentration of GFP driven from a 35S promoter was measured as 0.1-1 μM and the cytoplasmic diffusion coefficient as 4 ± 2 × 10 −7 cm 2 s −1 (69) . Diffusion of single GFP molecules and larger aggregates were quantified in chloroplast stromules, with some evidence of active transport, possibly along a "plastoskeleton" (69) . FCS has also been used to measure the location, accumulation, and mobility of fluorescently tagged Nod factors in membranes and the cell wall from very low-bulk concentrations (42). Although complex formation does affect the diffusion coefficient measured by FCS, fluorescence cross-correlation spectroscopy (FCCS) between two fluorescently tagged species provides a more sensitive measure of proteinprotein interaction (68).
Bi-Molecular Fluorescence Complementation
BiFC may provide a simpler test for protein interaction in vivo. Potential interacting partners are tethered to specific nonfluorescent fragments of IFPs. If the partners bind, the fragments associate to form a bi-molecular complex capable of reconstituting fluorescence (Figure 1i ). Complex formation is essentially irreversible, which prevents imaging of changes in protein association state, but captures weak or transiently interacting partners. Very high levels of expression of the IFP fragments can yield nonspecific interaction (137), and not all permutations of C or N 4 tagging are effective (13) , probably because of steric constraints on the interacting partners. In plants, BiFC has been used to assess homo-or heterodimerization of transcription factors (27, 137), chromodomain proteins (13), 14-3-3 proteins (137), complex formation between plastid division proteins (81a), and the α and β subunits of protein farnesyltransferase (13) . Other BiFC strategies use reconstitution of fragments from murine dihydrofolate reductase (mDHFR) that bind a fluorescein-conjugated inhibitor, methotrexate, with high affinity (124). The authors followed decreases as well as increases in fluorescence (124) . This implies that mDHFR complex formation is reversible or turns over on a timescale of hours, unlike BiFC with IFPs. If this is a general feature of the mDHFR system it may provide a dynamic readout of protein-protein interactions rather than just a cumulative response.
MEASURING PROTEIN AND ORGANELLE DYNAMICS
Quantitation of Organelle Motility
There is a long history in microscopical measurements of organelle motility using phase and Nomarski imaging. 
Measurement of Protein Dynamics Using Photobleaching or Photoactivation
During time-lapse imaging, fluorophore in a defined region of interest (ROI) can be bleached by high-intensity illumination. Fluorescence recovery after photobleaching (FRAP) occurs as unbleached fluorophore moves back into the bleached area (Figure 1k ) and provides a measure of the rate of movement and the underlying movement mechanism (122) . If the goal is to determine total connectivity within an extended membrane system, such as the ER, continuous bleaching of the ROI will eventually drain signal from all connected compartments (139), termed fluorescence loss in photobleaching (FLIP). FRAP is useful at various levels from exchange between cells or organelles (75, 139) , diffusion of proteins within membranes (Figure 2f,g ) or organelles (112, 139) , down to protein turnover in complexes (32). For example, Hush et al. (57) first employed FRAP in plants using carboxyfluorescein-labeled tubulin to study microtubule dynamics. Subsequently, FRAP revealed microtubule translocation through treadmilling in cortical arrays (119) and dynamic interactions with microtubule-associated proteins (MAPs) (16) . Whereas FRAP or FLIP are straightforward between fairly static structures, such as chloroplasts connected by stromules (75) , it is technically more difficult if the target protein or organelle is moving, not least because it becomes invisible immediately after the bleach. To aid in localization post-bleach, a second fluorophore can be introduced to the target that remains visible throughout the time course (14, 21, 139) , termed fluorescence localization after photobleaching (FLAP) (Figure 1l ).
Photoactivation
As an alternative strategy, Patterson & Lippincott-Schwartz (104) developed photoactivatable (PA) GFP to fluorescently highlight proteins in targeted subcellular regions or organelles. PA-GFP shows a 100-fold increase in fluorescence after a brief pulse of irradiation with near UV (104) (Figure 1m) . 4 targetted to Golgi bodies and peroxisomes and used to follow ER dynamics (112) (Figure  2h) . Recently, the first photoactivatable red fluorescent protein (PA-mRFP1-1) was developed (133), although it currently has a relatively low extinction coefficient and quantum efficiency, and requires prolonged UV exposure for activation. Photoactivation has the converse problem to FRAP. The absence of signal prior to irradiation that makes it difficult to find cells or organelles expressing PA-GFP. One solution is to use double labeling, similar to FLAP. An alternative strategy is to use IFPs that are fluorescent initially, but shift color upon intense illumination (photoswitching or photoconversion) (Figure 1n ). This provides a reference image of the entire labeled structure, while following the dynamics of a selected portion. For example, Kaede gives a 200-fold increase in greento-red emission following photoconversion with (ultra-)violet illumination. As the native Kaede protein is a tetramer, it is not appropriate as a fusion tag, but may be used for organelle tracking (4) and has been used to probe transient fusion and fission events of mitochondria (6) . More recently, several monomeric photoswitchable fluorescent proteins suitable for tagging were developed, including photoswitchable cyan fluorescent protein (PS-CFP) that gives a 1,500-fold increase in green-to-cyan fluorescence following (ultra-)violet excitation (17) and EosFP (142a) and KikGR (131a), which both shift from green-to-red fluorescence with (ultra-)violet irradiation. Although there are no full papers reporting the use of these photoswitchable proteins in plants, preliminary data indicate they are expressed in a functional form and can be photoconverted effectively (16a).
PA-GFP works in plants and has been
Under low O 2 levels, S65T GFP from Aequori victoria can be converted to a red fluorescing form with high-intensity illumination at normal excitation wavelengths, and has been used to show luminal continuity of mitochondria in anaerobic Saccharomyces cerevisiae (60) . This technique may even be useful to assess onset of anoxia for any GFP-labeled specimen on the microscope.
QUANTITATIVE MORPHOLOGY AND DEVELOPMENTAL STUDIES
Three-Dimensional Measurement of Cell and Organelle Size
Confocal, multiphoton, or wide-field deconvolution imaging can all sample 3D volumes, facilitating quantitative analysis of morphology (Figure 3a,b) . Volume measurements using intensity-based segmentation require correction for depth-dependent signal attenuation and z-axis distortion (36, 44, 121, 142) (Figure 3c-f ) and are sensitive to the segmentation threshold used. Surface-area measurements also depend on the "granularity" of the voxel dimensions and sampling noise. 3D segmentation using deformable meshes that grow to fill cell volumes are reported to give more robust results that are less sensitive to noise (52).
An alternative approach is to use stereology to quantify geometrical properties (number, length, surface area, or volume) by counting interactions with randomly positioned sampling probes. Points probes are used to measure volumes, lines to measure surface areas, planes to measure lengths, and volumes to count numbers (56, 72) . Stereological techniques work particularly well for volume measurements from confocal datasets (72, 86, 88) (Figure 3g-j ) .
Even when cellular objects approach the 3D dimensions of the point-spread function (psf ), their "true" volume can be estimated using 3D model-based approaches that incorporate a measured psf (12 
Quantitation of Morphology and Lineage at the Tissue Level
Confocal z-series of fixed and cleared specimens are useful to study patterns of cell division and elongation during development (52) (Figure 3a,b) . Recently, techniques for 4D in vivo confocal imaging of the surface layers of intact meristems were developed using combinations of FM dyes, IFP markers, and spectral unmixing (43, 52a, 110, 110a). 3D and 4D imaging of larger intact structures is also possible using optical coherence microscopy (OCM) (54, 111) or optical projection tomography (OPT) (118; E. Coen & K. Lee, personal communication). OCM is an interference technique based on back-scattered light, whereas OPT can be used in either transmission or fluorescence mode (118) . In theory, OPT could be used with the many fluorescent lineage markers available, including those developed for constitutive or inducible transgene activation. Relatively precise spatial and temporal cell marking is also possible through local heat activation by repeated laser scanning of a heat-shock promoter that drives expression of Ac transposase. This removes a DS1 element inserted between the 35S promoter and H2B-YFP, which then marks nuclei in the targeted cells and the lineage of their progeny (74) (Figure 3k ).
IMAGING IONS AND METABOLITES
Genetically Encoded Ca 2+ Sensors
Tsien and colleagues pioneered construction of genetically encoded ion sensors using FRET with the development of the cameleon probes for Ca 2+ (93) . FRET probes retain the highly desirable ratioable properties of the best chemical Ca 2+ dyes, but are introduced by transformation rather than potentially damaging microinjection. They are relatively photostable, nontoxic, and are not sequestered by cellular detoxification systems. Furthermore, their sensitivity can be adjusted by modifying the ligand-binding sequence and they can be targeted to different subcellular compartments.
In the yellow cameleons, CFP and YFP are linked by calmodulin (CaM) and the M13-CaM-binding peptide from myosin lightchain kinase (Figure 1f ) . On binding Ca 2+ , the CaM alters its conformation, binds to M13, and brings the fluorophores together with an increase in FRET (93) . Most confocal systems do not have an appropriate blue (432-nm) excitation source. However, it may be possible to use the common Ar-ion 458-nm line and recover changes in FRET by spectral unmixing (59 (93) . Set against these benefits, cameleon expression levels are low, perhaps a few micromolar, and the relative ratio change (RRC) for a full response is only ∼1.6-1.8. Furthermore, EYFP is quenched by mild acidification (pK a 6.9) and Cl − ions (K d 110 mM), and the CaM-M13 linker may interact with endogenous CaM or CaM-binding proteins. The pH sensitivity has been reduced (pK a 6.1) by introducing mutations in EYFP (V68L and Q69K) to give YC2.1, YC3.1, and YC4.1 (92) , which are the only cameleons so far used in plants (3, 59, 140 .g., 108) . Likewise, localized repetitive transients were observed during pollen germination on stigmatic papillae (59), similar to those reported using microinjected Calcium Green-1 dextran (24). In stomatal guard cells, there is much more information on Ca 2+ responses, and some interesting quantitative and qualitative differences, albeit derived from different species.
Cameleons in Plants
Comparison of Cameleon Measurements with Dye Measurements in Stomatal Guard Cells
Quantitatively, resting [Ca 2+ ] cyt in YC2.1-expressing Arabidopsis guard cells is 5-10-fold lower than that typically reported with ratiometric dyes. YC2.1 values may be more reliable because of the stability of the K d in cells and also because potentially disruptive iontophoretic microinjection is not needed. Qualitatively, all YC2.1 responses in wild-type Arabidopsis reveal transient spikes or oscillations, often with a delay following the stimulus and running on after the closing response has been triggered.
Interpretation of some YC2.1 results has been challenged (109) 
unpublished data). ( g-i)
Compartment volume measurements in Arabidopsis roots using stereological techniques. Stereology is a robust statistical method for morphological measurements and was used to determine changes in cytoplasmic and vacuolar volumes during elongation of trichoblasts in Arabidopsis roots using the Cavalieri estimator. 3D images were collected by two-photon laser-scanning microscopy following fluorescent labeling and vacuolar sequestration of glutathione ( green) and cell walls with propidium iodide (red ). ( g, h) Uniform random sections (h) were overlaid with a point grid (i) and the cytoplasm, vacuole, and cell wall volumes were determined as a function of intersection with the grid (38, 86). Scale bar = 10 μm. ( j ) Shows the resultant relationship between cytoplasmic (blue), vacuolar (red ), and total cell volume ( green) for trichoblast cells in the elongation zone. (k) Light-activated lineage marking of cells in the Arabidopsis root epidermis. Local heating, generated by repeated laser scanning, was used to activate a heat-shock promoter driving expression of Ac transposase. The Ac transposase removed a Ds element from between the promoter and histone H2B-YFP gene allowing its expression (74) . This change was heritable and marked nuclei of all cells derived from the initial event, enabling investigation of tissue origins and cell division patterns (arrowhead ). Scale bar = 10 μm.
ANRV274-PP57-
KCl) buffers to impose Ca 2+ -oscillations (2). Plieth (109) generated almost identical ratio changes using this protocol in plants expressing either the Cl − -responsive Clomeleon indicator (73, 80) 
Why Are Oscillations Not Always Observed with Ratiometric Dyes?
In contrast to YC2.1, calcium responses measured with ratiometric dyes during stomatal closure have shown general increases of varying rate, magnitude, and duration, or occasionally no change at all, rather than just oscillations. This has a bearing on the current debate on whether information is encoded in the amplitude, frequency, or both of the Ca 2+ signature or whether increases in [Ca 2+ ] cyt simply act as a chemical switch (53, 109, 115) .
YC2.1 and ratiometric dyes differ in their intracellular concentration and rate of diffusion. The concentration of microinjected dye (<50 μM) is unlikely to buffer [Ca 2+ ] cyt directly. However, the rate of Ca 2+ -dye diffusion may be sufficiently fast to dissipate localized Ca 2+ gradients. In contrast, YC2.1, which diffuses more slowly, may report localized Ca 2+ increases more faithfully. Messerli et al. (85) suggested a similar explanation for the higher estimated Ca 2+ -gradient in pollen tubes measured with aequorin compared to ratiometric probes. There is some evidence for localized [Ca 2+ ] elevations or waves using imaging (99) , which might hint at spatial localization of the Ca 2+ response. However, such measurements are prone to error and require careful masking of low-intensity signals, subtraction of both general background and structured auto-fluorescence, spatial and temporal filtering, and sufficiently high spatiotemporal resolution. Unfortunately, the areas that show the most interesting changes have the worst signal-to-noise, signal-tobackground, and signal-to-auto-fluorescence ratios, and are the most prone to specimen and organelle movement artifacts and optical aberrations. This is a general problem in most plant cells in comparison with animal cells, as they tend to have a very thin layer of cytoplasm around the cell periphery and very active cytoplasmic movements.
The Spectre of Light-Induced Reactive Oxygen Species Generation and Artifactual Ca 2+ Oscillations
A more worrying scenario is the converse explanation, namely that Ca 2+ oscillations and spikes are actually artifacts triggered by the measurement process itself, particularly as ∼30% of control experiments also show spontaneous oscillations and spikes without any stimulus. In chondrocytes, Ca 2+ transients with a similar period (5 min) to those in guard cells are triggered by reactive oxygen species (ROS) produced by dye excitation (67) . Producing ROS by strong dye illumination is sufficient to prevent progression through mitosis in plant cells (28) and may be a widespread problem in physiological measurements. The ANRV274-PP57-04 ARI 
Imaging Metabolites with Reactive Probes
In contrast to reversible binding exemplified by the cameleons, biosensors, and ratiometric ion probes, it is possible to image some metabolites, such as glutathione, ROS, or NO, following reaction in vivo to give a fluorescent product. The fluorescent signal is a cumulative measure of the amount of target molecule that reacts and is usually irreversible. Thus, reports that show decreases in fluorescence suggest interference by other processes, such as photobleaching, sequestration in a low-pH environment that quenches the fluorescence, and leakage to the medium or dye destruction by detoxification systems.
If the dyes work with high efficiency, they should deplete the target molecule and interfere with the downstream pathways. For example, glutathione (GSH) concentrations can be measured in vivo following GST-catalyzed conjugation to monochlorobimane (MCB) to give a fluorescent glutathione-bimane (GSB) adduct (88) . The GSB formed is transferred to the vacuole by GS-X conjugate pumps. Protocols have been developed to measure cytoplasmic GSH concentration [GSH] cyt in a variety of cell types (37, 38, 51, 86, 87), although imaging deep within tissues requires correction for depth-dependent attenuation (37, 51). The assay can also be used to quantify the activity of the GSH-based detoxification pathway (38) and as an indirect assay for other factors that affect GSH levels such as heavy metals, herbicides, or even explosive compounds (87, 90) . The assay depletes the level of GSH and thus perturbs the system under study during the measurement. In some cases this can be used advantageously to follow the capacity of the system to respond to GSH depletion (87) . Although knowledge of the total GSH pool is useful, it is perhaps more important to monitor the redox poise (GSH/GSSG ratio). Until recently this was only possible by destructive sampling and chemical analysis. However, introduction of a pair of cysteine residues (N149C and S202C) in YFP (rxYFP) 
CONCLUSIONS
The clear drive in biology at present is to combine the predominantly reductionist approaches of the past century with the highthroughput screening technologies of this decade to provide a complete, systematic analysis. Systems biology has two components.
Biologists have tended to focus on the experimental technologies used to generate vast quantities of gene, protein, and, more recently, metabolite profiles. There is a growing awareness that sophisticated data analysis tools are required to deal with these data, reflected in the rapidly expanding field of bioinformatics. What is appreciated far less is that the test of our understanding of any system at this level of complexity will be the extent to which the essential features can be captured in a mathematical model, which demands quantitative input (141 
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